teins, which are located in the vacuole of leaf tissues and whose synthesis is reduced by auxin (8) . Therefore, b' and b probably are the basic and neutral osmotin isoforms, respectively, found in var Wisconsin 38 (24) . Osmotin proteins have peptide sequence similarities with the bifunctional trypsin/ a-amylase inhibitor from maize, the sweet protein thaumatin, the tomato protein NP24, the tobacco antiviral protein gp22, potato PR protein C, and tobacco and barley thaumatin-like proteins (4, 6, 9, 18, 19, 22, 29, 30) . The expression of osmotin mRNA has been linked to development, particularly flowering and the consequences of hormone treatments that lead to flowering in the in vitro tobacco thin cell layer explant system (14, 15) . The expression of osmotin genes is also responsive to ABA, a hormone thought to play a pivotal role in plant development and plant stress responses (21, 24) .
Previous evidence indicated that in cultured tobacco cells the accumulation of osmotin mRNA and synthesis of osmotin protein were stimulated by ABA, but without appreciable accumulation of the protein (25) . Here we report that several other hormonal and environmental signals are able to induce the accumulation of osmotin mRNA but not the protein.
Also, there is a complex pattern of accumulation of osmotin mRNA and protein in different tissues of tobacco plants. Finally, various signals induce the osmotin gene in tissues where other signals cannot, indicating that there are separate signal transduction pathways.
MATERIALS AND METHODS Plant Material
Cell suspensions of tobacco (Nicotiana tabacum L. var Wisconsin 38) were initiated and maintained as described previously (11) , except that casein hydrolysate was omitted from the medium. Regeneration, growth, and multiplication of shoots have been described earlier (3) . Nonflowering juvenile plants were grown in potting mixture consisting of 20% top soil, 40% peat moss, and 40% perlite in growth chambers with 200 ,tmol m-2 s-' PPFD, a 20- Two wounding protocols were used. In the first, leaf strips 1 cm in width from the upper leaves of 8-week-old plants were cut and placed in dishes in distilled water. The dishes were gently shaken on a gyratory shaker (about 60 rpm). The second wounding protocol was similar to that of Neale et al. (15) , except that leaves 4, 6, and 8 (numbering from the first cotyledonary leaf toward the shoot apex) from three plants were punctured with a syringe needle about 100 times.
For ethylene, ABA, NaCl, and norbomadiene treatments, seedlings were grown for 3 weeks in growth chambers. Plants 3 to 6 cm in height were transferred to 6.5 x 6.5 x 9-cm jars containing 1/4X Murashige and Skoog salt solution (10) and grown until 4 to 6 leaves developed (about 1 week) prior to treatments. ABA (20 jAM) and NaCl (171 mM) were added for 24 h to the nutrient solution. Ethylene (20 ppm), norbomadiene, and control treatments were made by transferring the plants to 150-mL beakers with 100 mL of nutrient solution. The plants and beakers were sealed in 9-L desiccator chambers that were kept in growth chambers for 24 h, as described above over the course of the treatments. The desiccator chambers contained KOH-saturated water in Petri dishes with pleated filter papers to absorb CO2. Cell suspensions were treated with ethylene by incubating the flasks in the chambers on a gyratory shaker (100 rpm). Ethylene concentrations were monitored with a gas chromatograph.
mRNA Extraction and Gel Blot Hybridizations
Tissues were frozen in liquid N2, ground to a fine powder with a chilled mortar and pestle, and stored at -800C. Total RNA was extracted and partially purified by the phenol/SDS method (1) . Equal quantities of total RNA (10, 15, or 20 jAg), determined spectrophotometrically, were loaded in each lane of formaldehyde/formamide 1.0% agarose gels (20) . The RNA was transferred to nitrocellulose by capillary transfer as described by Sambrook et al. (20) and cross-linked by exposure to ultraviolet irradiation. The quality and quantity of the RNA was checked by comparing the ethidium bromide stained bands of ribosomal RNA. 32P-Labeled DNA probes (5 x 105 cpm/ml) were prepared from an approximately 1000-bp HindIII-EcoRI fragment of the osmotin cDNA (25) by random priming with the Klenow fragment of Escherichia coli DNA polymerase I (7). Hybridization, filter washing, and autoradiography were performed as described elsewhere (16) . NEPHGE, SDS-PAGE, and Immunoblots of Gels NEPHGE or SDS-PAGE was performed essentially as described by LaRosa et al. (12) , with the following provisos: The samples were run on duplicate gels, one gel was stained with Coomassie blue to test for even gel loading and protein integrity, the other was used for immunoblotting. The osmotin antibodies were partially purified chicken immunoglobulin Y. The antigen was the more basic protein with the lower Mr of osmotin I, first enriched as described previously (22) , then isolated by preparative SDS-PAGE. The immunoblot protocol otherwise was as described previously (12) .
RESULTS
Osmotin Isoforms and Differential Expression of the Osmotin Gene in Tobacco Plant Tissues Immunoblots of proteins from cultured shoots (leaves and stems) separated by NEPHGE (12) revealed up to five polypeptides with similar Mrs that reacted with anti-osmotin antibodies (Fig. 1A) . Up to three apparent isoforms could also be detected on immunoblots of gradient SDS-PAGE gels (Fig.  1B) . The abundance and distribution of immunologically related isoforms of different sizes varied considerably among tissues and organs (Fig. 1B) . Osmotin protein was most abundant in tissues of root (R), epidermal peel (E), corolla (Co), and immature flower bud (Fb). Most of the osmotin protein from S-25 cells (cells adapted to growth in 25 g/L NaCl) migrated as the lowest Mr isoform (Fig. 1B) . Only the root and epidermal peel contained relatively high levels of this isoform (Fig. 1B) . Many of the reproductive structures contained detectable levels of only the larger isoform (Fig. 1B) . The amounts of all isoforms were below the level of detection in tissues of developing and mature seeds (immunoblot data not shown). This very low abundance in seeds was not expected because osmotin mRNA has been shown to accumulate in developing seeds of tobacco (32) and because the osmotin-like trypsin/a-amylase inhibitor constitutes over 1% of total seed protein (19) . Figure 1C indicates that the pattern of abundance of the osmotin mRNA reflects that of the protein accumulation in some tissues and organs (Fig. 1B) . However, the hybridization signal was disproportionately high in the calyx, corolla, filament, ovary, and flower bud compared with the accumulation of protein. Furthermore, the level of osmotin mRNA compared with the protein level in the epidermal peels was relatively low. Such disparities suggest that the translational efficiencies of mRNA or protein stabilities were different among tissues and organs. The osmotin probe bound to a larger transcript than the usual 1.2-kb osmotin transcript in the corolla, flower bud, and calyx. It is possible that this larger transcript is a transcript of one of the other osmotinlike protein genes (6, 28) that may be particularly abundant in flower tissues and that contains sufficient homology for hybridization with the osmotin probe. These results clearly demonstrate that the osmotin gene is spatially regulated during tobacco plant development (Fig. 1D ).
ABA Induces Osmotin mRNA Accumulation but Not Protein Accumulation in Cells and Plant Tissues Figure 2A shows that ABA induced the accumulation of osmotin mRNA in cultured cells and leaves of plants. How- ever, the response to ABA treatment was attenuated with leaf age, and ABA did not induce mRNA accumulation in leaves or stems of the oldest plants tested, those having 12 leaves. This effect was apparently due to decreased leaf sensitivity to ABA during leaf maturation, because the ABA 410 LaROSA ET AL. Fig. 2A) . Osmotin mRNA levels also remained elevated in stems and leaves of salt-treated plants after adaptation ( Fig. 2A) . These results suggest that ABA and NaCl could affect osmotin mRNA accumulation by independent signal transduction pathways. Even though ABA dramatically induced the accumulation of transcript in cultured cells (24) (Fig. 2A ) and young leaves ( Fig. 2A) , osmotin protein accumulation was not affected in any of these tissues or in roots by treatment with ABA (24) (Fig. 2B) .
Ethylene Induces the Osmotin Gene in Plant Tissues Figure 3A illustrates that ethylene caused osmotin mRNA to accumulate in young root and leaf tissues; however, ethylene caused just a modest increase in protein accumulation in leaves, roots, and shoot tips, as shown in Figure 3B .
Because ABA can induce ethylene accumulation in some situations, it seemed possible that the induction of osmotin gene expression by ABA might be mediated through ethylene. Figure 3C shows that, in cultured cells, there is no induction of osmotin mRNA due to ethylene treatment and that there is also no inhibition of the ABA response by 2,5-norbornadiene, a competitive action inhibitor of ethylene, suggesting that the ABA effect was not mediated through ethylene. Although ethylene did not induce either osmotin mRNA or protein in cultured cells (Fig. 3C , immunoblot data not shown), osmotin mRNA did accumulate in cultured cells in response to ABA ( Fig. 2A) , indicating that the two hormones can independently regulate this gene.
Wounding Induces Accumulation of Osmotin mRNA but Not Protein
Because wounding strongly induced osmotin mRNA accumulation in var Samsun NN leaves (15) , the accumulation of the protein was compared to that of the mRNA in leaves of var Wisconsin 38 after wounding. Figure 4 illustrates that osmotin mRNA accumulated in detached and sectioned leaves and in punctured attached leaves. The mRNA accumulation was higher in the detached leaves and could be increased further if the detached leaves were treated with NaCl (data not shown). However, the protein failed to accumulate over a 5-d period after induction of the mRNA by wounding (Fig. 4B) .
TMV Induces Accumulation of Osmotin mRNA but Not Protein Figure 5A shows that compared to the control leaves there was an increase in the accumulation of the osmotin mRNA 7 d after inoculation with TMV, but no increase in osmotin protein accumulation at that time (Fig. 5B) or even 7 d after the noted increase in mRNA (immunoblot data not shown). In fact, osmotin was not found to accumulate in plant leaves that had been infected with TMV for several months.
DISCUSSION

Tissue-Specific Patterns of Osmotin Gene Expression and Responsiveness to Hormonal and Environmental Signals
Osmotin gene expression, as indicated by protein abundance, mRNA abundance (Fig. 1) , and distribution of (3-glucuronidase driven by the osmotin promoter in transgenic tobacco plants (10) , is highly tissue specific. The highest levels of osmotin were found in root tissues and in stem epidermis. Although high levels of osmotin mRNA could be found in several reproductive tissues, these accumulated relatively less osmotin protein, indicating posttranscriptional control. ABA-induced message accumulation is at least in part the result of stimulation of transcription, as measured by nuclear run-on experiments (16) . Responsiveness of the osmotin gene to ABA appears to be developmentally regulated because the ABA effect on mRNA accumulation declines with maturation of the seedling (Fig. 2) . Also, ethylene responsiveness of the osmotin gene appears to be developmentally regulated (Fig.  3) . The induction by ethylene is characteristic of other PR proteins (2). S d S 1 1 -| 1 1 ' ' 1 ' ---' ---. .   . . -. . . . . . . . . . . . . . . . . . . . . . . . . . . . (28) . These polypeptides are probably related to the lower pI forms seen in Figure 1A and higher mol wt isoforms seen in Figure 1B, 
